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A piezoelectrically transduced micromechanical beam acoustic resonator is utilized to detect solid
to liquid phase transitions in sub-nanoliter volume of Polyethylene Glycol (PEG) 1000. A lower
frequency flexural mode and a higher frequency length-extensional mode are simultaneously moni-
tored for changes in the device response. The phase transition of the PEG drop perturbs the acoustic
loading of the resonator, bringing about characteristic and repeatable changes in the frequency
response. The phase transitions in the drop are verified optically, and the resonant parameters are
compared with the control case when the resonator is pristine without the presence of any PEG
drop. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979086]
Micro/nanomechanical resonators demonstrate a modu-
lation in their frequency response due to attachment/detach-
ment of analyte,1 interaction with the surrounding fluid,2 and
changes in the ambient conditions.3,4 The resonant frequency
modulation is used as the primary readout in gravimetric
sensing applications where the resonant frequency is corre-
lated to effective mass m and effective stiffness k of an
acoustic resonator by the following expression:
df ¼ 1
2
dk
k
 dm
m
 
f ; (1)
where dk ( k) and dm( m) are perturbations in effective
stiffness and mass of the acoustic resonator being transduced
at a resonant frequency f , while df is the resulting change in
the resonant frequency. Dissipation f or quality factor Q
(¼ 1=2f) is another sensor parameter which is often used to
understand the processes responsible for causing changes in
the resonator frequency response.5 While various topologies
of micro-/nanoscale resonators have been explored for differ-
ent applications,6 bulk-acoustic2 and flexural7 wave resonators
are particularly interesting for sensing applications where the
resonators are expected to be highly responsive to the ambient
viscoelastic changes. Different transduction techniques
(capacitive,8 piezoresistive,9 thermal,10 electromagnetic,7 and
piezoelectric11) have been employed for actuation and sensing
of resonant modes in such devices. In this letter, piezoelectric
transduction was preferred due to the ease of implementation
(improved electromechanical coupling relative to the other
schemes) and the possibility of exciting multiple resonant
modes, both bulk and flexural, simultaneously.
The phase and glass transition studies of materials are
important in lyophilization or freeze-drying,12 characteriza-
tion of polymers,13 inkjet printing,14 and coagulation stud-
ies.15 Several techniques (differential scanning calorimetry,16
thermo-gravimetric analysis,17 electrical-thermal analysis,18
and microscopy19) are conventionally used for determining
the dynamic transition behavior of the tested samples.
However, when the samples are relatively small (less than a
milligram), these techniques prove to be challenging and
inefficient. Minimum sample mass which could be accurately
tested with these conventional tools is often several milli-
grams or more, and thus require adaptations,20 which can
address small mass without compromising on the accuracy.
Since, both phase and glass transition involves significant
changes in the mechanical properties of the material (elastic
moduli, viscosity, and density), utilizing micromechanical
acoustic resonators which are quite sensitive to these parame-
ters could provide an interesting tool for such studies. Indeed,
microcantilevers have been previously used to detect transi-
tions among different rotator phases in nanogram samples of
paraffin wax,21 and in a separate study, flexural plate wave
resonators were used to characterize glass transition in differ-
ent polymeric glues.22 In both the cases, resonators were uni-
formly coated with the samples and exposed to temperature
variations. In the present study, instead of a uniform layer,
phase transition (solid to liquid and vice versa) in a micro-
droplet of a waxy crystalline polymer, polyethyelene glycol
(PEG) 1000, is studied by observing the changes in the reso-
nant parameters of two distinct piezoelectrically transduced
resonant modes (flexural and bulk) of a beam resonator. Both
the resonant modes demonstrated large negative resonant fre-
quency shifts during phase transition (which was verified
optically) in a PEG deposit of a mass of 182 ng and were
used to establish the phase transition temperature window of
309K–318K. Hence, the proposed technique paves the way
for studying the phase transitions in ultralow mass samples,
which is currently challenging using the conventional tools.
Beam resonators are fabricated through multi-mask
industrial PiezoMUMPs by MEMSCAP (supplementary
material), where thin layers of piezoelectric film (AlN) and
electrode (Al) are deposited and patterned over underlying
device Si layer. After subsequent patterning of bonding pads,
resonant structures are released though bulk micromachining.
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Beam resonators used in the current study are 1000lm
in length, 250lm in width with a total thickness of about
11.5 lm. Resonators are suspended from the middle points of
the longer edges through a couple of tethers (Fig. 1(a)). Si
chips with the microfabricated resonators are then glued to
the ceramic chip carrier (LCC44 Spectrum Semiconductor)
and wire bonded using a wedge wire bonder. The resonators
are kept inside a thermally controlled vacuum 4-probe station
(Lakeshore RF probe station) where a stable pressure of
5 105 Bar is reached before commencing experiments. A
detailed discussion on the experimental set-up is provided in
the supplementary material. A two port open-loop scheme,
which involves using an Al electrode pair for sensing and
actuation while grounding the Si device layer, is employed to
perform electrical characterization. The transmission parame-
ters of the resonators are recorded using a Network Analyser
(Agilent 4396B). Before the PEG droplet experiment, a con-
trol experiment is performed on a similar but a pristine reso-
nator without any PEG deposit. The PEG droplet is deposited
onto the bottom surface of a fresh test resonator by initially
melting a solid mass of PEG and then using one of the probes
of the vacuum probe station to first dip into the liquefied
mass and then carefully bringing the probe in close proximity
to the resonator’s surface such that the hanging drop wicks
away towards the intended location. By using ImageJ and
approximating the deposit with a half-ellipsoid, the volume
of the drop is estimated to be around 167 pl with a mass of
182 ng. Multiple cycles of heating and cooling are performed
to remove excess absorbed water and other volatile species.
Temperature sweeps are limited to 320K as post phase transi-
tion, the kinematic viscosity of PEG changes non-linearly23
leading to enhanced wetting of the resonator surface which
affects the overall contact area of the drop. During the experi-
ments, approximately 5 min is allowed for ramping up and
cooling down before recording each set of data. Phase transi-
tion is optically verified by a vertically mounted digital
microscope (Fig 1(b)).
The beam resonator is excited at a lower frequency
(245 kHz) flexural mode M1 (inset Fig. 2(a)) and a higher
frequency (4.12 MHz) characteristic length-extensional
mode M2 (inset Fig. 2(b)). The PEG droplet is located such
that it lies around one of the nodal axes for the M1, while it
lies in the anti-nodal area for M2.
Fig. 2 captures the magnitude response of the test reso-
nator with temperature, while the extracted shifts in resonant
frequencies are plotted in Figs. 3(a) and 3(c). Linearly fitted
frequency shift data from the control resonator is negated
from the raw data of the test resonator in order to isolate
changes due to the observed phase transition. All the fre-
quency shifts are measured from the nominal frequency of
the test resonator measured at the lowest temperature. As the
temperature is increased from 290K to 320K at 1K/step, a
negative shift in the resonant frequencies for both the modes
is observed. This is due to the dependence of elastic moduli
of resonator layers on temperature, which is conventionally
expressed in the form of the temperature coefficient of fre-
quency (TCF). Post 309K–310K, a relatively large negative
shift is observed for both M1 and M2. The negative trend in
the resonant frequency of M1 continues for the next 6–7K
increase in temperature and becomes less steep at approxi-
mately 317K–318K. This observed phase transition temper-
ature width of 309K–318K is consistent with the melting
FIG. 1. (a) Circuit schematic of a beam resonator connected in a two port
open loop scheme and (b) optical micrograph of the beam resonator (bottom
surface) illustrating the location of polyethylene glycol 1000 drop before
and after phase change (right).
FIG. 2. Magnitude response plots for (a) the flexural mode and for (b) the
bulk mode for different temperatures. COMSOL mode shape simulation for
both the modes is provided in the inset of the graphs.
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point of PEG 1000 (between 308K and 313K) quoted in the
product datasheet.23 In the case of M2, a large negative fre-
quency shift is abruptly followed by a large positive shift in
the frequency.
Although, it is challenging to address the relationship
between the observed resonant behavior to the complex
changes associated with the phase transition, qualitative argu-
ments and hypothesis related to the observations are proposed
here which remain to be validated in the follow-up studies.
Both the modes are expected to acoustically couple with the
PEG mass differently due to the inherent difference in the
interaction of transverse and longitudinal modal motion with
the deposited material. For example, in the case of flexural
modes in micro-/nano-cantilevers, the effect of adsorbate
stiffness on flexural rigidity has been shown increasingly
important as the adsorbate dimensions become comparable to
the device thickness.24 In the case of bulk modes, changes in
resonance frequency due to the deposition of thin-films have
been explained by considering both mass as well as bi-axial
and shear moduli of the deposited films.25 When the PEG
mass is solid, it has a finite contribution towards the effective
stiffness of the resonator. As the drop starts to melt, this stress
related to elastic moduli of the solid material decreases due to
the softening of the material resulting in a negative perturba-
tion in stiffness, and hence, a drop in the resonance frequency
(from Eq. (1)). A similar negative trend in frequency has
been observed in flexural plate wave resonators when the
coated polymer transitions from a harder (higher stiffness)
physical state to a softer rubbery (less stiff) physical state.22
As the PEG mass completely melts, the effect of stiffness
becomes negligible (liquid only applies viscous drag which
effects the associated liquid mass loading and dissipation). In
the case of M2, as the drop completely melts, there is a sud-
den decrease in the mass loading as only a thin layer of liq-
uid26 remains in shear contact with the vibrating surface of
the resonator. The effective mass loading in such a regime
can be obtained by calculating the mass of liquid trapped
within the penetration depth dpen
dpen ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
g
pfq
r
; (2)
where g is the dynamic viscosity and q is the density of the
liquid. From Ref. 23, post phase transition, g=q, or kinematic
viscosity of PEG decreases non-linearly with temperature,
indicating that as the temperature increases, the penetration
depth becomes smaller. This leads to smaller mass loading
with the increase in temperature, and, hence, a positive fre-
quency shift. In the case of M1, even in the liquid phase the
whole drop remains acoustically coupled to the resonator.
While an accurate formulation for such a coupling is
required to predict mass loading, it can be safely assumed
that due to the nodal location of the drop, any change in
mass loading is relatively small.
Quality factors for the resonant peaks are calculated by
fitting the individual magnitude responses to a Lorentzian
followed by extraction of 3 dB bandwidth values. In the case
of M2 when the peaks are too damped, the phase-slope
method27 is instead used for the extraction of quality factors
which gives a close approximation of the actual Q values.
Dissipation factor (1=Q) values are also obtained for the test
and the control resonator. Subtracting the control dissipation
factor values from the test resonator values isolates the con-
tribution of the PEG deposit on the damping response of the
test resonator. From Figs. 3(b) and 3(d), as the temperature
increases, there is a negative shift in the Q values for both
M1 and M2. This negative shift resembles characteristic
thermo-elastic dissipation (TED) related losses in acoustic
resonators.4,28 Since, we are more focused on abrupt and
large changes in the Q values which might be caused due to
the phase transition, we did not further pursue modelling
TED and other loss mechanisms for our resonators. In the
case of M2, the rate of quality factor shift increases around
310K, dropping from 1200 (309K) to 10 to 20
(314K–315K). In the case of M1, a noticeable drop in the
quality factor is observed after a small bump in the range of
of 310K–315K. When the drop is solid, layers of PEG close
FIG. 3. Frequency shift and Q, Q1 vs.
temperature plots for the flexural mode
(a) and (b) and for the bulk mode (c)
and (d) respectively. In (a) and (c), fre-
quency shift values of the test resona-
tor (with the PEG deposit on one of the
surfaces) are adjusted by subtracting
the frequency shift values from the
control resonator (which has a pristine
clean surface). In (b) and (d), dissipa-
tion factor (1=Q) values for the test
resonator are adjusted by subtracting
the dissipation factor values (not
shown on the plots) obtained from the
control resonator.
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to the resonator surface are expected to be elastically
attached with the resonator surface, causing lower viscoelas-
tic damping. As soon as the melting starts, damping is also
expected to increase as more energy is lost within the
entrained liquid layers due to shear viscous losses. Dynamic
Mechanical Analysis of longer PEGs (4000, 6000, and
20 000), which has been reported elsewhere,29 correlates
well with the above observation. As PEG reaches its melting
point, slippage between the long molecular chains starts,
resulting in a continuous drop in the storage modulus
(thereby, decreasing the overall stiffness loading of the reso-
nator) with simultaneous increase in tan d (ratio of loss to
storage moduli where d is the phase lag between stress and
strain; 0 (elastic material) <d < p=2 (purely viscous)) indi-
cating an increase in dissipation within the material (and
hence, a decrease in the overall Q factor). Flow starts at the
melting point leading to a complete drop in the storage mod-
ulus. In this regime, the liquid phase dominates the visco-
elastic loading of the resonator. Hysteresis is observed in
both the modes as well. One possible explanation could be
the formation of thermal gradient within the PEG drop. Due
to poor thermal conductivity of PEG, different areas within
the PEG drop could be at different temperatures. This might
result in a thermal lag between the melting and the solidifica-
tions cycle. By manipulating the heating and the cooling
rates and the mass of the PEG drop, one can establish the
extent of contribution of thermal gradient formation on the
observed hysteresis. The effect of vibrational frequency and
amplitude on hysteresis can also be ascertained by observing
lower, intermediate, and higher frequency modes, and by
changing the drive amplitudes in the each case. Thermal
expansion due to temperature increase and absorbent losses
for the heating cycle could also contribute in the observed
hysteresis.
In conclusion, micromechanical bulk acoustic wave reso-
nators were found to be sensitive to the phase transition of
polyethylene glycol demonstrating a notable degree of
changes in the frequency response at different stages of phase
change. By addressing different resonant modes, the phase
transition of PEG was qualitatively analyzed. A future direc-
tion for this work is to establish an analytical acoustic cou-
pling model, which could further help in deriving the
mechanical properties of the sample material. Another inter-
esting future direction is to explore the relationship between
the heating rate and the phase transition response to establish
the accuracy of the method and compare it with other standard
techniques.30 While the current protocol limits the minimum
sample mass which could be deposited, integrating the set-up
with a dispensing technique that can precisely and repeatedly
dispense the sample material onto the resonator surface would
enable further scaling down of the sample mass, while obtain-
ing statistically accurate thermal response curves.
See supplementary material provided for the fabrication
process flow and for a detailed discussion on the experimen-
tal set-up.
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